Phosphoenolpyruvate carboxylase (PEPC) is a key enzyme of primary metabolism in bacteria, algae, and vascular plants, and is believed to be cytosolic. Here we show that rice (Oryza sativa L.) has a plant-type PEPC, Osppc4, that is targeted to the chloroplast. Osppc4 was expressed in all organs tested and showed high expression in the leaves. Its expression in the leaves was confined to mesophyll cells, and Osppc4 accounted for approximately one-third of total PEPC protein in the leaf blade. Recombinant Osppc4 was active in the PEPC reaction, showing V max comparable to cytosolic isozymes. Knockdown of Osppc4 expression by the RNAi technique resulted in stunting at the vegetative stage, which was much more marked when rice plants were grown with ammonium than with nitrate as the nitrogen source. Comparison of leaf metabolomes of ammonium-grown plants suggested that the knockdown suppressed ammonium assimilation and subsequent amino acid synthesis by reducing levels of organic acids, which are carbon skeleton donors for these processes. We also identified the chloroplastic PEPC gene in other Oryza species, all of which are adapted to waterlogged soil where the major nitrogen source is ammonium. This suggests that, in addition to glycolysis, the genus Oryza has a unique route to provide organic acids for ammonium assimilation that involves a chloroplastic PEPC, and that this route is crucial for growth with ammonium. This work provides evidence for diversity of primary ammonium assimilation in the leaves of vascular plants.
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amino acid synthesis | glycolysis | nitrogen assimilation | organic acid synthesis | Oryza P hosphoenolpyruvate carboxylase (PEPC; EC 4.1.1.31) catalyzes irreversible β-carboxylation of phosphoenolpyruvate (PEP) in the presence of HCO 3 − and Mg 2+ to yield oxaloacetate (OAA) and inorganic phosphate (Pi). PEPC is widely distributed in all photosynthetic organisms including vascular plants, algae, cyanobacteria, and photosynthetic bacteria, and also in nonphotosynthetic bacteria and protozoa (1) . In vascular plants, the reaction catalyzed by PEPC is the primary fixation step of photosynthetic CO 2 assimilation in C 4 photosynthesis and crassulacean acid metabolism (CAM). In most nonphotosynthetic tissues and in the leaves of C 3 plants, the primary function of PEPC is anaplerotic, replenishing the tricarboxylic acid (TCA) cycle with intermediates that are withdrawn for a variety of biosynthetic pathways and nitrogen assimilation (1, 2) . PEPC also plays roles in the provision of malate in guard cells and legume root nodules (3). Consistent with this wide range of roles, PEPC is encoded by a small gene family and expressed in various tissues of plants (4) .
Most PEPCs are allosteric enzymes the activity of which is regulated by a variety of metabolic effectors (1) . The activity of vascular plant PEPC is further regulated through reversible phosphorylation of a conserved Ser residue near the N terminus (3). Upon phosphorylation, PEPC becomes less sensitive to its feedback inhibitor malate and more sensitive to the activator glucose 6-phosphate (Glu6P), thereby attaining higher activity (3) . Phosphorylation of PEPC is catalyzed by a dedicated PEPC kinase, which is also encoded by a small gene family (5) . Treatments that lead to elevation of the PEPC activity, such as enhanced nitrogen assimilation and Pi starvation in C 3 plant leaves (6, 7), induce expression of PEPC kinase gene(s) and phosphorylation of PEPC (8, 9) . These mechanisms strictly regulate PEPC activity, which is essential for plants because of the irreversible nature of the reaction.
In addition to the plant-type PEPC, vascular plants have another isozyme, a bacterial-type PEPC that lacks the conserved phosphorylatable Ser residue (10) . Whereas most PEPCs exist as homotetramers (class 1 PEPC) (1), bacterial-type PEPCs associate with plant-type isozymes to form a heteromeric complex (class 2 PEPC) in unicellular green algae (11) and castor oilseeds (12) . It has been recently shown that Class-2 PEPC is composed of four each of the bacterial-and plant-type isozymes (13) .
Although PEPC genes and proteins have been extensively studied in a variety of organisms, the enzymes reported so far are all cytosolic (2). Here we report a previously undescribed planttype PEPC targeted to the chloroplast of rice. It is also unique in its primary structure, not belonging to any of known groups of the plant-type PEPCs. This chloroplastic isozyme is one of the major PEPCs in leaf mesophyll cells and plays a crucial role in ammonium assimilation in rice plants.
Results
Rice Gene Encoding PEPC Targeted to Chloroplast. Searches of rice genome databases identified six putative PEPC (Osppc) genes (Fig. S1 ). Five (Osppc1, 2a, 2b, 3, and 4) encode the plant-type PEPC that has the conserved phosphorylation domain and the Cterminal tetrapeptide QNTG (1, 3, 14) , and the other (Osppc-b) encodes a bacterial-type enzyme with the C-terminal tetrapeptide RNTG (15) . As reported for Arabidopsis (10), all of the plant-type Osppc genes have similar exon-intron structures that basically contain 10 exons, whereas the bacterial type has a distinct structure (Fig. 1A) , an indication of a different evolutionary lineage. The six putative PEPC genes are all expressed in rice plants, but with different organ specificities (Fig. 1B) .
The deduced amino acid sequences of the plant-type genes are highly homologous to one another (Fig. S1 ), sharing amino acid identities above 73%. One apparent difference among them is a deletion of 42 amino acid residues in the N-terminal region of Osppc3. Another notable feature is an extension of about 40 amino acid residues at the N terminus of Osppc4. The plant-type PEPCs studied so far are classified into three groups, the C 3 , C 4 , and root types (2) . Phylogenetic analysis of plant-type PEPCs from Gramineae ( Fig. 1C) indicates that Osppc2a, 2b, and 3 belong to the C 3 type and Osppc1 to the root type, whereas Osppc4 does not belong to any of known types.
To examine whether the N-terminal extension of Osppc4 acts as a transit peptide, we expressed a protein fusion between the Nterminal portion of Osppc4 and green fluorescent protein (GFP) in dayflower epidermal cells. GFP fluorescence completely overlapped with chlorophyll (Chl) fluorescence in a guard cell ( Fig.  2A) , indicating that the extension acts as a chloroplast targeting peptide. We used immunoblotting to examine the presence of PEPC protein in isolated chloroplasts. We detected four immunoreactive bands in total leaf soluble protein, but one of the four bands was highly concentrated in a stromal fraction of the chloroplast preparation (Fig. 2B) . These results indicate that rice has a PEPC protein inside the chloroplast.
Recombinant Osppc4 lacking its predicted transit peptide was active in the PEPC reaction (Table 1) . Its V max values at pH 7.3 and 8.0 were comparable to those of recombinant Osppc2a, a major cytosolic isozyme in rice leaves. The affinity for the substrate PEP and the sensitivity to the inhibitor malate, however, were lower than those of the C 3 and root types, but rather comparable to C 4 -type values. It was also much less sensitive to the amino acid inhibitors Asp and Glu and the activator Glu6P as compared with Osppc2a.
Taking these results together, we conclude that Osppc4 encodes a functional PEPC protein that is targeted to the chloroplast. Other types of plastids may also have PEPC, because Osppc4 was also expressed in roots (Fig. 1B) and etiolated leaves.
Osppc4, a Major PEPC in Leaf Mesophyll Cells. RT-PCR analyses (Fig.  1B) showed that Osppc4 was expressed in all organs tested, with the highest expression in the leaf blade. The cellular specificity of Osppc4 expression was examined by histochemical staining of β-glucuronidase (GUS) activity in transgenic rice introduced with the Osppc4::GUS chimeric gene (Fig. 2C ). In the leaf blade and the leaf sheath, Osppc4 expression was confined to green parenchymal cells (mesophyll cells), and no expression was detected in epidermis, vascular bundles, or guard cells. We also detected expression in green cross cells of the ovary, although the expression was low. No expression was detected in roots even after a prolonged GUS reaction, probably because of very low expression levels in this organ. Osppc2a was also highly expressed in the leaf blade (Fig. 1B) . Its expression was detected in leaf mesophyll cells as well as vascular bundles and guard cells and in various tissues of the ovary (Fig. S2 ). Such diverse expression of Osppc2a agrees with the wide range of roles suggested for the cytosolic PEPC (2, 3).
The level of Osppc4 was estimated from PEPC activities of transgenic rice plants, termed 4i, in which expression of Osppc4 was knocked down by the RNAi technique. The maximum PEPC activity of the leaf blade, measured in the presence of Glu6P, was decreased in the knockdown to about two-thirds of the activity in the wild type (Fig. S3 ), indicating that Osppc4 accounted for about one-third of total PEPC protein. Similarly, Osppc2a was estimated to account for about one-half of total PEPC protein.
Effects of Osppc4 Knockdown on Growth. To study the function of Osppc4, we compared nontransgenic rice and the Osppc4 knockdown lines. Stunting at the vegetative stage was a phenotypic change visible in the knockdown lines (Fig. S3) . To characterize the stunting more precisely, we performed a growth analysis using plants grown hydroponically with either ammonium (NH 4 + ) or nitrate (NO 3 − ) as the nitrogen source. We used the knockdown line 4i-2 showing a larger reduction in the leaf PEPC activity (Fig. S3) .
Rice plants preferentially use NH 4 + and thrive better with NH 4 + than with NO 3 − . The knockdown significantly inhibited the growth with NH 4 + and, to a much lesser extent, with NO 3 − (Fig. 3A) . Plant dry weight after cultivation for 25 days was reduced by 19% and 6% with NH 4 + and NO 3 − , respectively. The stunting was characterized by a reduction in lamina area, which was more marked than the decrease in dry weight (Fig. 3B) . The growth analysis (Fig. S4) showed that the knockdown significantly decreased the leaf area ratio. By contrast, the net assimilation rate was not significantly affected. The photosynthetic CO 2 assimilation rate on the leaf area basis, measured from gas exchange, was not at all affected by the knockdown irrespective of the nitrogen source used. Photosynthetic characteristics such as dependence on intercellular CO 2 concentration and light intensity in both ambient (21%) and low (2%) O 2 remained unchanged, indicating that the knockdown did not affect either CO 2 assimilation or photorespiration. Levels of chlorophyll and soluble protein on the leaf area basis remained unaffected. These results suggest that the stunting results from the reduction in lamina area rather than changes in photosynthetic properties of the leaf blade.
Nitrogen is highly invested in the photosynthetic machinery (18) , and the leaf blade has a much higher nitrogen concentration than the leaf sheath and the root in rice plants (19) . It is possible that the Osppc4 knockdown limits enlargement of the lamina area by suppressing nitrogen uptake or assimilation. In fact, the nitrogen uptake rate, determined from the nitrogen content of the whole plant, was slightly reduced by the knockdown (Fig. S4) . To examine whether the knockdown affected uptake or assimilation of NH 4 + by the root, we compared NH 4 + concentrations in the shoot xylem sap (Fig. 3C) . When plants grown with NH 4 + were transferred to a fresh culture medium, the NH 4 + concentration increased from 0.05 to 0.3-0.4 mM in both nontransgenic rice and Recombinant Osppc2a containing the entire protein and recombinant Osppc4 lacking the predicted transit peptide portion (43 amino acid residues at N terminus) were subjected to PEPC activity assay. Activities in presence of metabolite effector (5 mM Asp, 5 mM Glu, or 10 mM Glu6P) were presented as fold changes over those with no additives. Data represent means of two to three measurements. Maize and Flaveria data are taken from references 16 and 17, respectively. One unit corresponds to 1 μmol min −1 .
*Measured at pH 7.6. + until the ninth leaf had emerged, transferred to a fresh culture solution containing 2 mM NH 4 + at 11:00, and incubated for 6 h in the light. Shoot xylem sap was collected from a stump of the main culm before and after transfer. Data represent means of two plants before transfer and means ± SD of four plants after transfer. *P < 0.05; **P < 0.01 between nontransgenic rice and 4i-2 by Student's t test.
the knockdown line. These results indicate that the knockdown does not substantially affect NH 4 + uptake and assimilation by the root, and suggest that the stunting caused by the knockdown results from some defect in NH 4 + assimilation in the shoot.
Effects of Osppc4 Knockdown on Leaf Metabolism. We compared the metabolomes of the leaf blade at noon between nontransgenic rice and two knockdown lines. Among 101 compounds successfully annotated, the levels of 49 showed significant differences between nontransgenic rice and each of the two knockdown lines (P < 0.05; Table S1 ). Four notable changes in the levels of metabolites were observed (Fig. 4) : (i) increased levels of secondary metabolites related to the shikimate pathway, (ii) decreased levels of organic acids, (iii) opposite changes in levels of Gln and Glu involved in NH 4 + assimilation by the glutamine synthetase (GS)/glutamate synthase (GOGAT) cycle, and (iv) increased levels of photorespiratory intermediates.
The shikimate level was increased by 50-60% in the knockdown lines (Fig. S5) , an indication of an increased level of PEP, the precursor to shikimate as well as the substrate of PEPC. Among organic acids, the largest change was observed in the malate level, which was decreased by one-half. This likely reflects a decreased level of the product of PEPC, OAA, which is readily converted to malate by NADP-malate dehydrogenase (MDH) in the chloroplast under illumination. Levels of citrate and isocitrate were also decreased, albeit to a lesser extent. By contrast, the levels of fumarate and succinate remained unchanged. Although the level of 2-oxoglutarate (2-OG) did not show a significant difference, these results suggest that the metabolic flow from malate to 2-OG is largely suppressed by the knockdown of Osppc4.
The level of Gln was notably increased, being almost doubled in the line 4i-2, whereas that of Glu was decreased by about 20%. Because Gln and Glu are the substrate and the product, respectively, of GOGAT, the increased level of Gln suggests substantial suppression of the GOGAT reaction. The reduced supply of 2-OG, another substrate of GOGAT, could be the main cause for the suppression. Glu produced by the GS/GOGAT cycle is readily converted to Asp in leaf cells. The level of Asp was reduced to about two-thirds, suggesting suppression of the reaction of aspartate aminotransferase (AspAT), a key enzyme of amino acid synthesis, which uses Glu and OAA as substrates. Together, these findings lead us to conclude that the Osppc4 knockdown suppresses NH 4 + assimilation and the subsequent amino acid synthesis by depleting organic acids.
The reason for increased levels of the photorespiratory intermediates Gly, Ser, and glycerate is obscure, as we did not observe any detectable effects of the knockdown on photosynthetic properties measured from gas exchange. In photorespiration, glyoxylate is converted to Gly by two different enzymes, glutamate:glyoxylate aminotransferase (GGAT) and serine:glyoxylate aminotransferase (SGAT), the former of which uses Glu as the substrate. It is likely that depletion of Glu shifts the balance to the SGAT reaction. Such an imbalance in the photorespiratory reactions might allow the accumulation of photorespiratory intermediates and related compounds.
Chloroplastic PEPC Gene in Other Oryza Species. In database searches, we identified the chloroplastic PEPC gene only in the Japonicatype rice cultivar Nipponbare, of which the entire genome has been completely sequenced (21) . We therefore examined whether the corresponding gene is present in other plant species by 5′-RACE using degenerate primers and RNA from leaf blades. No cDNA for PEPC with an N-terminal extension was detected in barley or maize, but it was successfully amplified in all four Oryza species tested, the Indica-type rice cultivar Kasalath (O. sativa; AA genome) and three wild rice species, O. rufipogon (AA), O. eichingeri (CC), and O. rhizomatis (CC), an indication that the chloroplastic PEPC gene is present and expressed in these species. The deduced amino acid sequences of cDNAs from the same genome-type species are almost completely the same (Fig. S6) . Even between different genome types, amino acid identities exceed 95%, making it likely that the chloroplastic PEPC gene was present before the emergence of the genus Oryza.
Discussion
This study shows that rice has a plant-type PEPC targeted to the chloroplast, Osppc4 (Figs. 1 and 2 ). Osppc4 was highly expressed in the leaves, accounting for about one-third of total PEPC protein in the leaf blade (Fig. S3) . Because Osppc4 expression was confined to leaf mesophyll cells (Fig. 2C) , the protein abundance in these cells would be higher than this estimate. We also identified the chloroplastic PEPC gene in other Oryza species belonging to two different genome types, suggesting that it might be common among the genus Oryza, but we did not find an ortholog of Osppc4 in barley or maize, and it is also absent from the Arabidopsis genome. Arabidopsis has 4 PEPC genes, three plant types and one bacterial type (10) . As judged from organ specificities of expression (10) (Fig. 1B) , the rice plant-type genes Osppc1, Osppc2a/2b, and Osppc3 correspond to Atppc1, Atppc2, and Atppc3, respectively, of Arabidopsis. Osppc2a (Table S1 ). Metabolites annotated and quantified are framed, and those whose levels showed significant differences (P < 0.05 by the Student's t test) in both knockdown lines are framed in color. In leaves, 2-oxoglutarate (2-OG) synthesized from citrate in the cytosol is mainly used for NH 4 + assimilation by the GS/GOGAT cycle (20) . DHAP, dihydoxyacetone phosphate; E4P, erythrose 4-phosphate; Glycerol-3P, glycerol 3-phosphate; HydroxyPyr, hydroxypyruvate; Pyr, pyruvate. and 2b are highly homologous to each other with respect to their exon-intron structure (Fig. 1A) and nucleotide sequence, and they are likely to be paralogous to each other.
Osppc4 is also unique in its primary structure and does not belong to any of the known groups of the plant-type PEPC (Fig. 1C) . The catalytic and substrate-binding domains are almost the same in all plant-type Osppc proteins, whereas Osppc4 has a phosphorylation domain distinct from the others (Fig. S1 ). Although it is unknown whether Osppc4 can be recognized by PEPC kinases, regulatory phosphorylation of Osppc4 inside the chloroplast seems unlikely, because no PEPC kinase gene encoding a protein targeted to the chloroplast has been found in the rice genome (9) . It is likely that the in vivo activity of Osppc4 is regulated by concentrations of metabolite effectors and the stromal pH. The stromal pH is 7.2-7.3 in darkness and rises under illumination to ∼8, a pH at which PEPC becomes less sensitive to the feedback inhibitor malate (2) .
The enzyme characteristics of Osppc4 were similar to those of the C 4 -type enzymes rather than to the C 3 and root types, showing a low affinity to PEP and a low sensitivity to malate (Table 1 ). These features seem favorable for reactions in the stroma. From the K m values for PEP of C 3 type isozymes, the concentration of PEP in the leaf mesophyll cytosol of C 3 plants is considered to be much below that of C 4 plants, ∼3 mM in maize (22) . The PEP concentration in the stroma seems high enough for Osppc4 to react. Assuming that all leaf PEP is distributed homogenously in the cytosol and the stroma, the PEP concentration is calculated to be ∼1 mM both in the light and in darkness, using the PEP content of rice leaf blades [50-60 nmol (mg Chl) , respectively] (24). If all PEP is localized to the stroma, the estimate increases to 1.8 mM. Concentrations of malate are 1 mM in the cytosol of spinach leaves, and levels in the stroma are 3 and 1 mM in the light and darkness, respectively (25) . If the elevation of stromal pH under illumination is taken into consideration, the presence of 3 mM malate in the light may not substantially prevent the Osppc4 reaction.
We were able to elucidate the function of Osppc4 by comparing the Osppc4 knockdown lines with nontransgenic rice. The knockdown led to stunting resulting from suppression of NH 4 + assimilation in the shoot (Fig. 3) . Comparison of leaf metabolomes (Fig. 4) suggests that the Osppc4 knockdown greatly reduces levels of organic acids and thereby suppresses NH 4 + assimilation by the GS/GOGAT cycle and subsequent amino acid synthesis. It is generally accepted that organic acids are synthesized from photosynthates through glycolysis and the TCA cycle, and that 2-OG synthesized from citrate in the cytosol is used mainly for NH 4 + assimilation in leaf cells (20) . These results suggest that Osppc4 constitutes another route for organic acid synthesis: It is likely that OAA produced by the action of Osppc4 is readily converted to malate by NADP-MDH and is exported to the cytosol by the malate-OAA shuttle under illumination (26) . Once exported, malate takes a "conventional" route, being converted to 2-OG, imported to the chloroplast, and used by the GS/GOGAT cycle in the stroma. A low sensitivity to Glu and Asp of Osppc4 (Table 1) supports this hypothesis. We presume that PEP might be synthesized from the Calvin cycle intermediate inside the chloroplast. 3-Phosphoglycerate, the product of Rubisco, is an intermediate of glycolysis and can be converted to PEP via two enzymatic reactions catalyzed by 3-phosphoglycerate mutase and PEP enolase. This scenario is plausible because database searches indentified genes encoding these enzymes with transit peptides in the rice and Arabidopsis genomes. If so, photosynthates can be converted to organic acids without passing through glycolysis. Osppc4 may also play a role in supplying carbon skeletons for NH 4 + assimilation/amino acid synthesis in other tissues/ organs such as leaf vascular bundles and roots, when malate is translocated from leaf mesophyll cells.
In many cases, reductions of enzyme levels do not lead to significant metabolic perturbations, probably due to induction of compensatory pathway(s) (27) . In the Osppc4 knockdown lines, the leaf malate level was reduced by one-half (Fig. S5) . The extent of suppression of malate synthesis in the leaves would be much larger if translocation of malate were taken into account. It is thus evident that the Osppc4 metabolic pathway acts as a primary route for organic acid synthesis when rice plants are grown with NH 4 + . It has been demonstrated using a variety of plant species that when leaves are supplemented with NO 3 − after nitrogen starvation, the cytosolic PEPC is activated through phosphorylation to meet the demand for carbon skeletons for NH 4 + assimilation (6) . This is also the case in rice leaves (9) . The cytosolic PEPC in leaf mesophyll cells might play roles in providing organic acids when rice plants are grown with NO 3 − . Reduction of NO 3 − to NH 4 + requires seven electron equivalents of reducing power per molecule, and it takes part in maintaining a balance of production and consumption of ATP and NADPH during photosynthesis. It is possible that Osppc4, together with NADP-MDH, plays an additional role in exporting reducing power from the chloroplast, which would be beneficial for growth with NH 4 + . Our results clearly show that Osppc4 is crucial for the growth of rice plants with NH 4 + . Plants of the genus Oryza, which includes rice, are characterized by their ability to grow in waterlogged soil, which is a reductive environment, so that all of the inorganic nitrogen is converted to NH 4 + . It is likely that Oryza species acquired the chloroplastic PEPC to adapt to such a habitat. Storage proteins and secondary metabolism show great diversity in vascular plants, and many species-specific genes have been identified (21) . By contrast, it has long been believed that primary metabolism, with the exception of photosynthetic CO 2 assimilation and nitrogen fixation, is essentially the same. We propose that Oryza species have a unique route for organic acid synthesis and that primary NH 4 + assimilation is not necessarily the same in all vascular plants. Full-Length cDNA Clones, Gene Construction, and Transformation of Rice. Fulllength cDNAs for Osppc2a and Osppc4 (accession nos. AK073703 and AK066653, respectively) were kindly provided from the Rice Genome Resource Center, NIAS. All primers used for gene construction are listed in Table S2 . To construct the Osppc4::GFP protein fusion, the sequence corresponding to the N-terminal portion of the Osppc4 protein (amino acid residues 1-56) was amplified from the full-length cDNA by PCR and cloned into a GFP expression vector [CaMV35S-sGFP(S65T)-nos3′; a generous gift from Y. Niwa (University of Shizuoka, Japan] (29). To construct promoter::GUS chimeric genes, 5′-flanking regions of Osppc2a (from −2,240 to +1,945, numbered from the transcription start site) and Osppc4 (from −2,106 to +635) were amplified from the rice genomic DNA by PCR and cloned upstream of GUS in the binary vector pBI-Hm (a generous gift from M. Matsuoka, Nagoya University, Japan) (30) . For knockdown of Osppc2a and Osppc4, 3′ untranslated sequences (313 and 277 bp, respectively) were amplified from their respective full-length cDNAs by PCR and cloned into the RNAi vector for rice, pANDA (a generous gift from K. Shimamoto, Nara Institute of Science and Technology, Japan) (31). Rice transformation was performed via Agrobacterium-mediated gene transfer.
RT-PCR. RNA extraction and RT-PCR were performed as described (9, 32) using the primers listed in Table S2 . Total RNA had been treated with DNase before use. The DNA polymerase was first activated at 95°C for 9 min, and PCR was carried out for 25-30 cycles of 15 s at 95°C, 30 s at 55°C, and 1 min at 72°C, followed by a final extension step for 7 min at 72°C.
Subcellular and Cellular Localization of Osppc. The construct for the Osppc4:: GFP protein fusion was introduced into dayflower (Commelia communis L.) leaf segments by bombardment using 1.0-μm gold particles and a gene delivery system (PDS-1000; Bio-Rad). After incubation in darkness at 25°C for 16 h, the epidermis was peeled from the bombarded leaf segment, and fluorescence was observed with a fluorescence micrometer (AX70; Olympus) through either a U-MNIVA or WIG filter (Olympus). Histochemical analysis of the GUS activity was performed using tissue sections 20-60 μm thick (33) .
Recombinant Osppc Proteins. Recombinant Osppc2a and Osppc4 proteins Histagged at their N-termini were produced as follows. Sequences encoding the Osppc2a protein and the mature portion of Osppc4 were amplified from their respective full-length cDNAs by PCR using the primers listed in Table S2 and inserted into pET32 and pET28 (Novagen), respectively. The resultant plasmids were transformed into Escherichia coli expression strain BL21 (DE3) cells (Novagen). The transformed bacteria were grown in LB medium containing an appropriate antibiotic at 30°C for 16 h, and expression of recombinant protein was induced by incubation with 1 mM isopropyl-β-D-thiogalactopyranoside at 30°C for 3 h. Recombinant protein was purified from a cell lysate by chromatography on His-Bind resin (Clontech) and desalted by gel filtration (NAP-6, GE Healthcare).
Protein and Enzymatic Analyses. Soluble protein was extracted from rice leaf blades (32) . Protein determination, SDS/PAGE, and immunoblotting were performed as described (34) . An antiserum raised against the root nodule PEPC of soybean was a generous gift of C. P. Vance (University of Minnesota). The PEPC activity was measured by an enzyme-coupled spectrophotometric method at 30°C (23) . The maximum activity was measured at pH 7.5 in the presence of 5 mM Glu6P. Kinetic parameters of recombinant PEPC proteins were determined according to the method of Dong et al. (16) 
(SI Text).
Physiological Analyses. Gas exchange was measured at a leaf temperature of 27°C with an open gas-exchange system (23) . For growth analysis, plants were grown hydroponically (SI Text). A total of 40 seedlings, 20 each of nontransgenic rice and the knockdown line, were transplanted into a 30-L container with a culture solution containing either NH 4 Cl or KNO 3 as the nitrogen source and cultivated for 25 days at the final nitrogen concentration of 1 mM. To collect the shoot xylem sap, plants were grown hydroponically with 1 mM NH 4 Cl. At the 40th day, which corresponded to the 6th day after the last renewal of the culture solution, plants were transferred to a fresh solution containing 2 mM NH 4 Cl, and were incubated for 6 h at 28°C under illumination from halogen lamps at a photosynthetically active photon flux density of 500 μmol·m −2 ·s −1 in a growth chamber. A main culm was cut 6-7 cm above the base, and the xylem sap exuded from the stump was blotted onto filter paper in a plastic microtube for 30-40 min. Then 10 mM formic acid was added to the tube to prevent NH 4 + from volatilizing. The NH 4 + concentration was determined fluorometrically after reaction with o-phthalaldehyde (35) using an HPLC detection system (474 Scanning Fluorescence Detector; Waters).
Metabolome Analysis. Hydroponically grown plants were used. A total of 24 seedlings, 8 each of nontransgenic rice and the two knockdown lines, were grown in a 30-L container with a culture solution containing 1 mM NH 4 Cl. Segments of ∼3 cm (∼30 mg fresh weight) were harvested from the midsection of the uppermost fully expanded leaf (10th leaf) at noon on a sunny day and were immediately frozen in liquid nitrogen. Metabolite extraction, sample preparation, and gas chromatography-time-of-flight/mass spectrometry (GC-TOF/MS) were performed as described previously (36) . Samples corresponding to 5 mg fresh weight were subjected to the analysis
